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T he formation of cloud droplets on aerosol particles, technically known as the activation of cloud condensation nuclei (CCN), is the fundamental process driving the interactions of aerosols with clouds and precipitation. Knowledge of these interactions is foundational to our understanding of weather and climate. The Intergovernmental Panel on Climate Change (IPCC) and the Decadal Survey (NRC 2007) indicate that the uncertainty in how clouds adjust to aerosol perturbations dominates the uncertainty in the overall quantification of the radiative forcing attributable to human activities. The Clouds, Hazards, and Aerosols Survey for Earth Researchers (CHASER) satellite mission concept responds to the IPCC and Decadal Survey concerns by studying the activation of CCN and their interactions with clouds and storms.
The CHASER satellite mission was developed to remotely sense quantities necessary for determining the interactions of aerosols with clouds and storms. The links between the Decadal Survey recommendations and the CHASER goals, science objectives, measurements, and instruments are described in Table 1 . Measurements by current satellites allow a rough determination of profiles of cloud particle size but not of the activated CCN that seed them. CHASER will use an innovative technique (Freud et al. 2011; Freud and Rosenfeld 2012; Rosenfeld et al. 2012 ) and high-heritage (flown in a previous spaceflight mission) instruments to produce satellite-based remotely sensed observations of activated CCN and the properties of the clouds associated with them. CHASER will estimate updraft velocities at cloud base to calculate the number density of activated CCN as a function of the water vapor supersaturation. CHASER will determine the CCN concentration and cloud thermodynamic forcing (i.e., forcing caused by changes in the temperature and humidity of the boundary layer air) simultaneously, allowing their effects to be distinguished. Changes in the behavior of a group of weather systems in which only one of the quantities varies (a partial derivative of the intensity of the weather system with respect to the desirable quantity) will allow the determination of each effect statistically.
SCIENTIFIC BACKGROUND.
Aerosols play an important role in cloud processes by providing nuclei for the condensation of water vapor into droplets. The nucleation of cloud droplets depends on the composition and size of the aerosol particles may 2013 amERICaN mETEOROLOGICaL SOCIETy | seeding these clouds and on the water vapor pressure affecting them (Seinfeld and Pandis 2006; Andreae and Rosenfeld 2008 ). An increase in the number of aerosol particles, known as CCN, leads to an increase in the number of cloud droplets and a decrease in their size. The increase in cloud droplet number, in turn, increases cloud solar reflectance for a constant liquid water path (Twomey 1977) if the clouds are not optically thick. Albrecht (1989) suggested that because the coalescence efficiency of small droplets is lower than that of larger droplets, aerosols decrease precipitation and increase cloud lifetime and area coverage. This idea is supported by aircraft measurements that indicate lower concentrations of aerosols in areas of broken marine stratocumulus clouds than in nearby overcast areas (Stevens et al. 2005; Petters et al. 2006; Savic-Jovcic and Stevens 2008; Wood et al. 2011) . The cloud albedo effect is generally well accepted, whereas cloud lifetime and area coverage are recognized but are more difficult to measure and are less well understood. However, measurements suggest that this effect may be larger than the cloud albedo effect (Sekiguchi et al. 2003; Rosenfeld et al. 2006) .
It has been hypothesized that convective clouds forming in clean environments with CCN ~200 cm −3 distribute their liquid water into large droplets that can rain out before freezing ("warm rain"), inhibiting the development of thunderstorms. In contrast, it has been hypothesized that convective clouds forming in environments with CCN ~2,000 cm −3 contain a larger number of small droplets that increase their solar reflectance (Williams et al. 2002) . According to the hypothesis, coalescence, and therefore the formation of warm rain, is inhibited in these clouds. The latent heat released when small droplets freeze aloft produces intense thunderstorms (Williams et al. 2002) . CHASER will test these hypotheses by determining activated CCN and thermodynamic forcing as well as cloud growth and lightning flash rate (a metric of storm intensity).
It has been suggested that the effects of aerosols and thermodynamics on clouds can independently explain a surprisingly large number of weather phenomena (Williams et al. 2002; Williams and Stanfill 2002; Williams et al. 2005; Rosenfeld et al. 2008a) . Examples include the dominance of lightning activity over continents, the dependence of lightning on temperature on several time scales, the dominance of clouds producing warm rain over oceans, the prevalence of large hail over polluted continents, the dominance of upper tropospheric ice processes in continental convective clouds, and the occasional onset of explosive lightning in hurricanes.
Why are thermodynamics and aerosol effects on moist convection so tightly interrelated and, at the same time, so poorly distinguished? The physical differences between land and ocean surfaces play a major role in accounting for this situation and may explain it via both thermodynamic and aerosol effects. Land surfaces possess lower heat capacity materials than the mobile liquid ocean water and, therefore, become relatively hotter given the same solar forcing. However, the land surface is also the primary source for aerosols (Andreae and Rosenfeld 2008; Andreae 2009) . By estimating the effects of aerosols and thermodynamics on clouds and thunderstorms, CHASER allows their effects to be distinguished.
Calculations of aerosol-cloud interactions from current remote sensing data must extrapolate information of cloud droplet effective radius (r e ) and the cloud droplet number density (N d ) solely at the cloud top where they are measured. The fact that N d represents an average value that is affected by mixing of the cloudy air with its surroundings implies that it is only loosely correlated with the physical entity driving these interactions: the number density of activated CCN, here defined as N a . Moreover, these calculations use empirical statistical relationships to relate measurements of aerosol optical depth (AOD) in the cloud-free air near the clouds to N d and r e . These estimates are inaccurate because aerosols are not measured inside clouds; AOD is only weakly correlated with CCN (Andreae 2009), and AOD does not provide information about the vertical distribution of aerosols (Costantino and Bréon 2010) . These inaccuracies decrease the inferred correlation of aerosol indirect effects with cloud properties and reduce the calculated value of aerosol indirect effects (Penner et al. 2011 ). CHASER's study of CCN and cloud microphysics will help shed light on these effects.
Traditionally, CCN are measured either in the laboratory or in the field using cloud chambers where water vapor supersaturation (S) is controlled for the number of activated CCN to be counted as a function of S. CHASER's study of aerosol-cloud interactions treats clouds as natural chambers in which activated CCN are counted while S is estimated simultaneously. The CHASER measurement technique is based on the fundamental principles described in the sidebar titled "What are the fundamental principles enabling the determination of the activated CCN?"
C hAS E R GOAlS AN D OBJ ECTIVE S .
CHASER's science goals are to determine 1) the indirect effects of aerosols on climate, 2) the effects of aerosols on the intensity of convection, and 3) the effects of aerosols on extreme weather events such as hailstorms, tornadoes, and hurricanes. CHASER's science objectives are to determine (i) the number density of activated CCN, (ii) the three-dimensional evolution of cloud surfaces, (iii) cloud thermodynamic forcing, (iv) aerosols around clouds, and (v) lightning.
CHASER will make the first global survey of N a , the activated CCN spectrum, and the vertical profiles of cloud properties directly affecting climate (Fig. 1) . Previous attempts to use satellite measurements to quantify the effects of aerosols on clouds, such as the cloud albedo feedback, rely on estimates of cloud droplet number concentration from measurements of r e at the cloud top and of the concentration of aerosols in nearby cloud-free areas (Sekiguchi et al. 2003; Marshak et al. 2008) . The uncertainty in these calculations is due largely to a lack of simultaneous measurements of both the CCN concentration near the cloud base and other cloud properties. The limitations of previous approaches have been discussed extensively in the literature (Costantino and Bréon 2010; Penner et al. 2011; Marshak et al. 2006b; Quaas et al. 2008; Grandey and Stier 2010; McComiskey and Feingold 2008 ). CHASER's innovative technique will overcome these limitations.
REl ATIONShIp TO pAST, CURRENT, AND FUTURE MISSIONS. CHASER will complement and transcend current National Aeronautics
How will CHASER HElp poliCy mAkERS?
R esearch has shown that the perception of a high level of uncertainty in climate predictions is one of the main reasons why their use in decision making has lagged (Lemos and Rood 2010) . It has also been suggested that the usability of climate knowledge can be enhanced through interaction between data producers and data users. This interaction improves the perception of knowledge fit (e.g., through visualization and customization) and enhances accessibility by improving understanding (Kirchhoff 2010 ). CHASER will mitigate this problem by establishing a data application center for conducting science policy research focused on understanding the best ways to use, transfer, and communicate mission data to decision makers. The CHASER Data Application Center will support the visions of the National Research Council and the Decadal Survey for an integrated program of observations from space that secures practical benefits for humankind by developing data products for assessing risks due to severe weather and climate change.
The CHASER team will engage with stakeholders such as climate modelers, social scientists, and decision makers to increase the usability of mission data. The CHASER team will survey what data products are needed and how to manage and disseminate them to better meet this need. For example, the team will leverage resources (especially human and network) with organizations involved with climate information dissemination and brokering such as NOAA's Regional Integrated Sciences and Assessments (RISA) program (Lemos and Morehouse 2005) . For close to 20 years, these programs have brokered climate knowledge between producers and users. CHASER will document potential uses of CHASER data by decision makers in responding to the impact of climate changes-such as hurricanes and flooding-and to foster networks of users that can enhance the usability of CHASERgenerated data.
and Space Administration (NASA) Earth Science Missions studying aerosols, clouds, and thunderstorms. The Clouds and Earth's Radiant Energy System (CERES) measures s o l a r a n d t h e r m a l radiation to study energy fluxes and cloud radiative effects, but its estimation of radiative f luxes does not include retrievals of aerosols simultaneously to study their effects on these f lu xes. Indeed, CER ES relies solely on the angular distribution model to convert radiance measurement s at a ny v iew i ng zenith angle into broadba nd rad iat ive f lu xes. The Moderate Resolution Imaging Spectroradiometer (MODIS) retrieves the properties of aerosols and clouds by making the assumption of one-dimensional plane parallel radiative transfer. Important three-dimensional effects such as the bluing of aerosols (Marshak et al. 2008; McComiskey and Feingold 2008) and biases in the retrieval of cloud droplet size (Lohmann et al. 2007; Zhang and Platnick 2011) are not accounted for. Moreover, these one-dimensional measurements can retrieve physical quantities only at the cloud top. The Multiangle Imaging SpectroRadiometer (MISR) uses multiangle, multispectral measurements to calculate aerosol optical depth, but it does not retrieve the microphysical properties of convective clouds. The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) provides information about aerosols as well as optically thin clouds, but it does not provide information on cloud particle sizes and concentrations. CloudSat measures the vertical structure of a cloud along a narrow swath (approximately 1 km) across the satellite track, but it does not measure aerosols.
Measurements by current instruments do not provide the aerosol properties required to develop reliable estimates of their CCN supersaturation activation spectrum. However, measurements of AOD by MODIS, for example, can be used to complement CHASER rough estimates of CCN abundances (Andreae 2009 ). Further development of these capabilities could substantially improve global estimates of CCN abundances. None of the current satellites meet the requirements for estimating N a and the CCN spectrum. CHASER meets the requirements for the Decadal Survey recommendations for spacebased measurements of aerosol-cloud interaction in the decade 2010-20.
MEASUREMENT CONCEpT. The concept of using remote sensing to determine vertical profiles of cloud microphysics was proposed by Rosenfeld and Lensky (1998) and later refined by others (Rosenfeld 1999; Ramanathan et al. 2001; Rudich et al. 2002; Williams et al. 2002; Rosenfeld et al. 2008c) . Cloud profiling by aircraft validated the concept (Andreae et al. 2004; ). Subsequently, Marshak et al. (2006a) and Martins et al. (2007) showed that high-resolution cloud profilers could retrieve r e and phase as a function of height, and they proposed an instrument to do it. Zinner et al. (2008) demonstrated the feasibility of this concept for cloud profilers with a resolution of 250 m. Brenguier et al. (2000) developed the idea of using vertical profiles of r e to calculate the value of N a at the base of shallow cumulus clouds. Freud et al. (2011) and Rosenfeld et al. (2012) generalized the idea to deeper clouds. They demonstrated that measurements of N a and updraft velocities could be used to calculate the CCN concentration in the boundary layer air feeding these clouds. Rosenfeld et al. (2012) showed that the calculation of N a requires images with resolution of about 100 m to probe cloud protuberances. Images of lower resolution cannot resolve individual convective updrafts close to the cloud base with the required accuracy of about 0.5 m s -1 , and further increases in resolution do not improve the results because three-dimensional effects predominate (Rosenfeld et al. 2004) . Table 1 and Fig. 2 indicate that CHASER meets these measurement requirements.
CHASER will determine vertical profiles of cloud parameters at 1400 local solar time by probing the sun-illuminated surfaces of convective clouds. The orbit and v iew ing geometry were chosen to provide global coverage while maximizing image resolution and minimizing shadowing.
C H A S E R w i l l u s e a hig h-heritage Cloud Profiler Suite (CPS) consisting of two instruments pointing 30° off nadir across track toward sunilluminated surfaces on the east. The Multispectral Imager (MSI) consists of several spectrally diverse imagers with 100-m resolution to probe activated CCN and determine the properties of clouds and their environment. The Multiangle Imager (MAI) consists of three visible imagers with 50-m resolution pointing forward, downward, and backward along the track as well as 30° off nadir across track. Cloud properties and the evolution of cloud protuberances will be determined from MAI stereo images taken at times t 1 , t 2 , and t 3 -each approximately 50 s apart (Fig. 1) . The MAI and the MSI are high-heritage instruments based on Deutsches Zentrum für Luftund Raumfahrt (DLR)'s Bispectral Infrared Detection (BIRD), Technology Experiment Carrier-1 (TET-1), Berlin Infrared Optical System (BIROS), and Environmental Mapping and Analysis Program (EnMAP). CHASER will also detect lightning with a highheritage Lightning Imaging Sensor (LIS) (Buechler et al. 2011) . The design and characteristics of MSI, MAI, and LIS are described in the supplementary material archived online (http://dx.doi.org/10.1175/ BAMS-D-11-00239.2).
The CHASER measurement technique relies on the fact that the variation of r e with distance above cloud base (D) depends uniquely on the number density of the CCN activated to form these cloud droplets (N a ) (Freud et al. 2011) . That is, the number density of activated cloud condensation nuclei (N a ) can be estimated from the vertical profile of cloud droplet effective radius (r e ). Figure 3 shows that the dependence of r e on D is robust and therefore can be used to determine N a . The effects of mixing can be used to refine the calculation of N a (Freud et al. 2011; Freud and Rosenfeld 2012; Rosenfeld et al. 2012) . Figure 2 indicates how CHASER's measurements of reflectance at various wavelengths will be used to retrieve cloud and aerosol quantities.
Since CHASER studies the three-dimensional evolution of clouds, the updraft velocities near cloud wHAt ARE tHE fundAmEntAl pRinCiplES EnAbling tHE dEtERminAtion of tHE ACtivAtEd CCn?
T he number density of activated cloud condensation nuclei (N a ) depends on aerosol size, chemical composition, and the water vapor supersaturation (S) where nucleation occurs (cloud base). The liquid water content of a cloud parcel lifted adiabatically is q La = 4/3ρ L πr ν 3 N a , where ρ L is the density of liquid water and r ν is the mean volume cloud droplet radius. Thus, the radius of the cloud droplets in this air parcel increases in proportion to the cube root of the adiabatic cloud liquid water content. Since, in an air parcel lifted adiabatically, q La is a known function of the thermodynamic properties of the cloud base air (pressure, temperature, and humidity) and of the distance above the cloud base (D), which are quantities inferred from CHASER measurements, N a can be calculated if r ν is known.
Over larger volumes, the properties of cloudy air cannot be derived from adiabatic lifting, but the properties of smaller subcloud convective updrafts can. Paluch and Baumgardner (1989) showed that to a first-order approximation convective updrafts mix inhomogeneously with surrounding air to form subensembles of updrafts and downdrafts. This occurs because cloud droplets directly exposed to mixing with unsaturated air evaporate completely, thereby cooling the mixed air and forming downdrafts while leaving the original updraft and its cloud droplets little affected. The mixing decreases N d and q L , but it does not affect the value of r e in the updraft. This process is illustrated by data from aircraft measurements shown in Fig. 3 . Freud et al. (2011) estimated that the errors in N a caused by the deviation from inhomogeneous mixing vary between 5% and 20% and proposed a procedure to reduce them. In this procedure, an initial value of N a is calculated assuming inhomogeneous mixing and then it is corrected interactively until a value of N a that best fits the vertical profile of r e is found.
The value of r e can be inferred from satellite measurements (Nakajima and King 1990) , but r ν cannot. Fortunately, aircraft measurements show that these two quantities are linearly related to each other (Freud et al. 2011 ) and, therefore, r v can be determined. This allows N a to be calculated by the following procedure: 1) Measure r e as a function of D: r e (D). 2) Use the linear relationship between r v and r e to calculate r ν . 3) Use the relationship N a = 3/(4πq La ρ L r ν 3 ) to calculate N a . 4) Use measurements of the humidity of the air surrounding the clouds and empirical relationships derived from aircraft measurements (Freud et al. 2011) to refine the calculation of N a . These procedures are illustrated in Fig. 3 , where r e is calculated assuming that rising air parcels exhibit adiabatic liquid water content. For simplicity, the effects of mixing are ignored in the calculation. Twomey (1959) showed that the value of S in cloud updrafts is a function of the cooling rate or updraft velocity. By measuring the evolution of cloud protuberances between consecutive stereo image pairs obtained 50 s apart, CHASER will estimate updraft velocities at the cloud base and enable calculations of N a as a function of S. This is possible because the growth of cloud protuberances closely follows updrafts at the cloud base (Blyth et al. 2005 ). The determination of N a over a wide range of S will provide the CCN spectrum-the concentration of particles that can become CCN when subjected to the range of S expected over a range of cloud updraft speeds.
base can be calculated and used to estimate the value of S. This is possible because S is a function of the cooling rate and, therefore, of the updraft velocity (Twomey 1959) . Calculations of S and N a in convective updrafts of different intensities make possible the determination of the concentration of activated CCN as a function of S. This important quantity is referred to in the cloud physics literature as the CCN spectrum.
CONClUDING REMARKS. In order to achieve its top science goals, CHASER will make global surveys of activated CCN simultaneously with the determination of the properties of the clouds affected by them. This requires measurements of the vertical profiles of the reflectance and the microphysical properties of incipient convective clouds (e.g., Freud et al. 2011; Rosenfeld et al. 2012 ). CHASER's sunsynchronous orbit (SSO) timed to early afternoon and its eastward viewing geometry were chosen to satisfy these requirements. If selected for funding, CHASER will reduce the uncertainty in our knowledge of the interaction of aerosols with clouds and precipitation by making global surveys capable of distinguishing the effects of aerosols from those of thermodynamics in clouds and storms.
A n airborne instrument will be developed to test the CHASER measurement technique and retrieval algorithms. Airborne in situ aerosol and cloud measurements will be used to evaluate the accuracy of the vertical profiles measured using the CHASER remote sensing technique. The U.S. Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) sites in the Southern Great Plains (Oklahoma), the tropical western Pacific (with stations on the Nauru and Manus Islands and in Darwin, Australia-farther west), and on the North Slope of Alaska (Jefferson 2011) will also be used to validate the CHASER measurements. The ARM sites are located in regions covering the typical aerosol concentrations from clean maritime to polluted continental environments. The CHASER team will propose to fly its airborne instrument over all ARM sites. Comparisons of N a between airborne and groundbased sensors will be conducted while clouds develop in the vicinity of ground stations and, therefore, ingest boundary layer air that is being sampled simultaneously by the CHASER airborne instrument and in situ measurements of aerosols at the surface.
The ARM CCN measurements cover CCN concentrations over a range of supersaturation from <0.1% to >1% (Jefferson 2011) , which is similar to the CHASER measurement range. The Southern Great Plains site has complementary information on aerosol size, composition, and relative humidity that can be used to predict the CCN.
tESting tHE CHASER mEASuREmEnt tECHniquE tHRougH AiRboRnE And gRound mEASuREmEntS

